We review recent progress in the theoretical description of the violation of discrete spacetime symmetries in hadronic and nuclear systems. We focus on parity-violating and timereversal-conserving interactions which are induced by the Standard Model weak interaction, and on parity-and time-reversal-violating interactions which can be caused by a nonzero QCDθ term or by beyond-the-Standard Model physics. We discuss the origins of such interactions and review the development of the chiral effective field theory extension that includes discrete symmetry violations. We discuss the construction of symmetry-violating chiral Lagrangians and nucleon-nucleon potentials and their applications in few-body systems.
Introduction
symmetry-conserving and -violating interactions among the relevant degrees of freedom, pions and nucleons, are obtained within the same framework which allows for consistent calculations. Such calculations can be improved order by order in a controlled expansion within χEFT. Here we discuss the PVTC and PVTV potentials up to next-to-next-to-leading order (N 2 LO) where they have a richer form than the corresponding OBE models. Finally, the chiral approach can be extended to multi-nucleon or electromagnetic interactions allowing for a unified treatment of various different observables. Some of these observables are discussed below.
In this work we study low-energy PVTC and PVTV interactions in the framework of χEFT. In Sec. 2 we discuss the structure of symmetry-breaking interactions at the quark-gluon level both from within the SM and beyond. In Sect. 3 we briefly discuss χEFT and describe the construction of the PCTC, PVTC, and PVTV nucleon-nucleon (NN ) potentials, focusing on their differences and similarities. We also discuss the current status of the low-energy constants (LECs) appearing in the Lagrangians. In Sect. 4 we focus on several applications of the obtained potentials. In the PVTC case, we discuss observables in few-body systems and a recent fit of the weak pionnucleon coupling to existing data. In the PVTV case, we report on calculations of EDMs of light nuclei and their possible implications in the search for BSM physics. We summarize and give an outlook in Sect. 5. Finally, we refer to several recent reviews on PVTC [2, 3] and PVTV [10, 21] where more details on the topics addressed below can be found.
Symmetry violations at the microscopic level
The various possibilities of discrete symmetry breaking have very different origins. It is important to investigate these origins in order to constrain the operators appearing at lower energies in the χEFT Lagrangian. In principle, we could start the analysis directly at the hadronic scale by writing down all possible interactions among hadronic degrees of freedom that break the discrete symmetries under investigation. The disadvantage of such an approach is that valuable information about the hierarchy and structure of the hadronic interactions is lost. The chiral symmetry properties of the microscopic PVTC and PVTV operators constrain the form of the hadronic operators [22] [23] [24] [25] [26] . It is therefore wise to start the analysis at a scale where QCD is still perturbative, somewhere above the chiral-symmetry-breaking scale Λ χ 1 GeV.
Origins of PVTC interactions
Within the SM, PVTC arises from the different gauge-symmetry representations of the chiral fermions. As a consequence, only left-handed quarks and leptons are sensitive to the charged current weak interaction. Both left-and right-handed fermions interact via the neutral current weak interaction, but with different strengths such that P (and C) is still violated. Because the physical weak gauge bosons, W ± and Z, have masses much larger than the typical hadronic/nuclear scale, they can be integrated out and matched to effective PVTC four-quark operators. At a scale slightly below M W , the mass of the W boson, the PVTC operators involving the u and d quarks can be conveniently written as
Here we have defined V a µ =qγ µ τ a q, A a µ =qγ µ γ 5 τ a q, and I µ =qγ µ q in terms of the quark doublet q = (u d) T . Furthermore, G F 1.16 · 10 −5 GeV −2 is Fermi's constant, sin 2 θ W 0.23 defines the weak mixing angle, and we have set the Cabibbo angle to unity. The dots denote operators involving heavier quarks. In particular, operators with strange quarks can have important consequences for nuclear PVTC effects. The Lagrangian in Eq. (1) needs to be brought to lower energies via renormalization group (RG) evolution which dresses the coupling constants with O(1) QCD factors and induces operators with different color structure [27, 28] .
The three operators all break P but have different chiral symmetry properties, with the first transforming as a scalar, the second as an isovector, and the third as an isotensor [22] . Each of the operators thus induces different χEFT Lagrangians. Although all operators in Eq. (1) are proportional to G F ∼ M −2 W , there is nevertheless a (small) hierarchy in the sizes of the couplings. Due the smallness of sin 2 θ W 0.23, the coupling of the isovector (isotensor) operator is suppressed by a factor 5 (2) with respect to the first operator. This suppression could potentially lead to smaller LECs arising from the isovector operators, but whether this is actually the case depends on, so far, unknown strong matrix elements. In addition, operators involving strange quarks with identical chiral symmetry properties, such as (sγ µ s)A 3 µ , do not scale with sin 2 θ W and could overcome the suppression factors [22, 29] .
Origins of PVTV interactions
As discussed briefly in the introduction, the SM has two CPV sources. The phase of the quark mass matrix predominantly manifests in flavor-changing interactions and is responsible for the observed CPV in K and B decays. Via electroweak corrections flavor-diagonal PVTV interactions are induced, but the suppression factors make them immeasurably small with expected experimental accuracies. For instance, the neutron EDM arising from the CKM mechanism lies roughly six orders of magnitude below the current experimental limit [7, 8] .
The second source of CPV in the SM appears in the strong interaction in the form of the QCDθ term [30] . CPV arising from theθ term is closely connected to the quark masses and it is useful to consider them simultaneously. Focusing on the lightest two flavors, the non-kinetic part of the QCD Lagrangian can be written as
in terms of the gluon field strength G, the diagonal real mass matrix
, the strong coupling constant g s , the overal phase ρ, and the angle θ. The interaction proportional to θ is a total derivative but contributes to the action via instantons [30] . For χEFT purposes it is useful to perform an anomalous U (1) A transformation to eliminate the θ term in favor of a complex mass term proportional tō θ = θ + 2ρ. A subsequent non-anomalous SU (2) A rotation can be used to cast the complex mass term in isoscalar form [25, 31] L m,θ = −m+ εqτ
where we usedθ 1 (the current constraint on the neutron EDM forcesθ < 10 −10 [32] ). The lack of explanation for this extreme smallness is usually called the strong CP problem. A popular solution is the so-called Peccei-Quinn mechanism [33] which dynamically explains the smallness ofθ at the cost of a so far unmeasured new particle, the axion.
Generic BSM models contain additional CPV phases that can induce larger EDMs than the SM [9] . Since many BSM variants exist, from the point of view of low-energy experiments it is preferable to perform a model-independent analysis. Considering the success of the SM, it is likely that any BSM physics appears at a scale considerably higher than the electroweak scale. This scale separation makes it possible to treat the SM as the dimension-four and lower part of a more general EFT containing higher-dimensional operators. Such operators must conserve the all-important SM Lorentz and U (1) Y × SU (2) L × SU (3) c gauge symmetries that put strong constraints on their form [34] . For our purposes, the first relevant operators appear at dimension six and are suppressed by two powers of the scale, Λ CP V , where the additional CPV is assumed to appear. BSM CPV can be studied in a model-independent way by adding all CPV dimensionsix operators [24, 35] . The great advantage is that it is not necessary to choose a specific SM extension, but, if so wanted, the approach can easily be matched to specific models [11] .
The advantage of starting the EFT analysis at Λ CP V is that we make full use of the SM gauge symmetries. The disadvantage is that we must evolve the operators to Λ χ which is more involved than in the PVTC case. The RG evolution involves QCD and electroweak corrections [36] [37] [38] and heavy SM particles need to be integrated out at their thresholds. A full study has been performed for operators involving the lightest two quarks [38] , while the evolution of operators with heavier quarks is more fragmented, see for instance [39] [40] [41] . QCD RG typically mildly suppresses the operators when evolved to lower scales and mixes several operators, making it more difficult to identify the high-energy origin from EDM experiments.
Despite these difficulties, the number and form of PVTV interactions around Λ χ is very limited [24] . Being interested in hadronic and nuclear PVTV we neglect (semi-)leptonic operators. The first operators that appear are then the quark 3 EDMs and chromo-EDMs (CEDMs)
where F µν denotes the photon field strength and t a the generators of SU (3). Although these operators appear to be dimension five, SU (2) L gauge invariance forces them to be coupled to the Higgs field at high energies making them effectively dimension six. After electroweak symmetry breaking, the Higgs field takes on its vacuum expectation value (vev) resulting in a quark mass (the actual value of the mass is model dependent and could be larger or smaller) appearing in the scalings
CP V . The next operator is the Weinberg operator, also called the gluon CEDM (gCEDM) [42, 43] 
which is the only purely gluonic CPV operator at dimension six. Finally, there are several PVTV four-quark operators
in terms of S a =qτ a q and P a =qτ a iγ 5 q, and the dots denote two similar operators with different color structure [38] . 
Chiral Lagrangians and nucleon-nucleon potentials
Now that we have identified the structure of PVTC and PVTV interactions slightly above Λ χ , we must understand how these interactions manifest themselves at lower energies where QCD becomes nonperturbative. To do so, we use the framework of χEFT. By constructing the most general Lagrangian in terms of the relevant low-degrees of freedom that incorporates the symmetries of the microscopic theory (QCD), we obtain an EFT, called chiral perturbation theory (χPT), which is the low-energy equivalent of QCD. The big advantage of χPT is that observables can be calculated in perturbation theory. The expansion parameter is p/Λ χ , where p is the momentum scale appearing in the process. The nonperturbative nature of low-energy QCD is captured by the low-energy constants (LECs) associated with each interaction. These LECs need to be fitted to data or calculated with nonperturbative methods such as lattice QCD. χPT was originally formulated for mesons, but has been extended to the nucleon and multinucleon sectors, where it is usually called χEFT. A big success of χEFT is the derivation of the structure and hierarchy of multi-nucleon interactions. The strong NN potential has been derived up to N 4 LO [46] and successfully describes many few-body processes. Reviews on χPT and χEFT can be found in Refs. [19, 20, 47] .
A special role in χEFT is played by the pion triplet. Pions emerge as Goldstone bosons of the spontaneously broken chiral symmetry to its isospin subgroup SU (2) L × SU (2) R → SU (2) I . Interactions of Goldstone bosons are proportional to their momenta which explains the perturbative nature of χPT at low energies. Because chiral symmetry is only an approximate symmetry of QCD, being broken by the quark masses and charges, the pions obtain a small mass and become pseudo-Goldstone bosons. However, the smallness of the symmetry-breaking terms ensures that they can be incorporated in the expansion. The χEFT Lagrangian is then obtained by constructing all chiral-invariant interactions and all interactions that break chiral symmetry in the same way as the chiral-breaking sources at the quark level. In principle, an infinite number of interactions exist, but they can be ordered by the chiral index ∆ = d+n/2−2, where d counts the number of derivatives 5 and quark mass insertions (as m q ∼ m 2 π ∼ p 2 , each quark mass insertion increases d by 2) and n the number of nucleon fields [50, 51] . We use this definition of the chiral index throughout this review (Weinberg power counting), but refer to Ref. [52] for discussions of possible enhancements (i.e. lower chiral indices) for short-range nuclear current operators. Because the PVTC and PVTV interactions are associated with very small parameters, e.g. G F Λ 2 χ 10 −5 andθ < 10 −10 , they can be included in the expansion as well. In fact, the interactions are so weak that only χEFT operators linear in the symmetrybreaking parameters must be considered. 4 This exchange involves a left-and right-handed W ± current and the resulting operator is usually called the four-quark left-right operator (FQLR). 5 Because mN /Λχ is not a small number, derivatives acting on nucleon fields are in principle not suppressed. In this work we resolve the issue by considering heavy-baryon χPT [48, 49] , where the nucleon is treated nonrelativistically and the large nucleon mass mN is removed from the nucleon propagators.
An important ingredient in few-body calculations is the NN potential which can be derived from the χEFT Lagrangians [53, 54] . Weinberg showed [53] that the importance of a connected irreducible diagram with N nucleons, L loops, and V i insertions of an interaction with chiral index ∆ i is given by the index
The index ν is bounded from below which allows for an order-by-order derivation of the PCTC, PVTC, and PVTV NN potentials.
PCTC chiral interactions
We begin by listing the most important interactions that conserve P , T , and C and originate in the QCD Lagrangian. The construction of the chiral operators is well known and explained in various reviews [20, 47] and here we only discuss some of the relevant operators. Because chiral symmetry is realized in nonlinear fashion in χEFT, each interaction is associated with other interactions involving more pions. For simplicity, we only focus here on the operators with the least number of pions. The operators with the lowest chiral index ∆ = 0 are given by
in terms of the pion triplet π, the nucleon doublet N = (p n) T , the nucleon velocity v µ and spin S µ , the pion decay constants F π = 92.4 MeV, and three LECs g A , C S , and C T . The dots denote associated interactions with more pions such as the Weinberg-Tomozawa vertex. Apart from the pion mass term, which involves pions without a derivative, all operators originate in the chiral-invariant part of the QCD Lagrangian.
What is important to notice is that chiral symmetry and P and T conservation ensure that the leading-order (LO) pion-nucleon vertex comes with a derivative, while the LO NN interactions do not. Therefore, both interactions have chiral index ∆ = 0 and contribute to the LO NN potential (with ν = 0). At NLO, with chiral ν = 2 and thus a relative suppression of (p/Λ χ ) 2 , there are additional contact terms with two derivatives, and two-pion-exchange (TPE) diagrams involving LO vertices. At N 2 LO additional TPE diagrams appear which involve ππ-nucleon interactions with chiral index ∆ = 1, the so-called c i interactions [55] , which also contribute to three-body forces appearing at the same order. The schematic hierarchy of the PCTC potential is shown in the left panel of Fig. 1 . We do not discuss higher-order corrections to the Lagrangian or potential, but refer to Refs. [46, 56] for the full expressions.
PVTC chiral interactions
The four-quark interactions in Eq. (1) give rise to PVTC hadronic interactions. The three fourquark interactions transform, respectively, as a chiral singlet, an isovector (∆I = 1), and an isotensor (∆I = 2) [22] . This implies that the first operator can only induce pionic operators with derivatives, while the other two can lead to non-derivative pionic interactions. Only the isovector interaction leads to an interaction with chiral index 6 ∆ = −1:
where h π is the (in)famous weak pion-nucleon coupling constant whose size is still unknown, despite significant theoretical and experimental effort. In contrast to the PCTC case, there appear no NN contact interactions at LO. Such terms require at least one derivative and have chiral index ∆ = 1. Thus, the LO PVTC potential consists only of a one-pion-exchange (OPE) contribution:
in terms of the nucleon spin σ 1,2 and the momentum transfer flowing from nucleon (1) to nucleon (2):
, where p and p are the relative momenta of the incoming and outgoing nucleon pair in the center-of-mass frame. Because the LO potential consists of a single term, it might be expected that this term dominates hadronic and nuclear PVTC. From the existing data it should then be possible to fix the size of h π from which other processes can be predicted. Unfortunately, the situation is more complicated for two main reasons:
• The LO potential changes the total isospin of the interacting nucleon pair and therefore does not contribute to PVTC effects in proton-proton (pp) scattering. As a significant part of the nonzero PVTC measurements has been made in this process, higher-order corrections are required to analyze the data.
• The division of the potential into LO, NLO, .... , is based on an expansion in p/Λ χ . However, as discussed in Sec. 2.1, the isovector four-quark operator is suppressed by a factor sin 2 θ W ∼ 1/5. Large N c arguments indicate that h π could even be further suppressed [29, 57, 58] . Thus, formally higher-order corrections might be larger than expected because of dimensionless factors not captured by the chiral counting.
A great advantage of χEFT is that higher-order corrections can be systematically calculated. The NLO potential (with ν = 1) was first obtained in Ref. [23] and shown to consist 7 of TPE diagrams proportional to h π and NN contact interactions [61] . The TPE contributions suffer from ultraviolet divergences that are absorbed, together with the associated scale dependence, by the contact terms. We show results using spectral function regularization with cut-off Λ S (varied between 500 and 700 MeV in the discussions below) which was introduced in Ref. [62] to improve the convergence of the PCTC potential. In this way, the PVTC and PCTC potential are regularized in the same way. By taking the spectral cut-off Λ S → ∞, the results in dimensional regularization are retrieved. The TPE contributions are then given by [23, 63, 64 ]
in terms of the loop functions
The first term in Eq. (11) has the same spin-isospin structure as the OPE potential and is therefore not very interesting. However, the second term induces 1 S 0 ↔ 3 P 0 transitions and give the first contributions to pp scattering. At the same order as the TPE diagrams, we find five 8 NN contact interactions. These can be written in various ways [61, 65] , and here we use the following parametrization [64] 
All together, the NLO PV potential depends on six LECs which need to be fitted to experiments or calculated with nonperturbative techniques. At N 2 LO (ν = 2) several additional TPE diagrams appear, which have been calculated in Ref. [64] . The first part involves no new LECs and is proportional to πh π c 4 and has the same spin-isospin properties as the second term in Eq. (11) . Because of the large size of c 4 3.4 GeV −1 [56] , explained by underlying ∆ and ρ-meson resonances, and the enhancement by a factor π, this term can be expected to dominate the N 2 LO potential unless h π is very small. The second part depends on five new PVTC pion-nucleon and pion-pion-nucleon LECs [22] , which will be difficult to fit to the scarce data. At this order we encounter the first contributions to PVTC three-body forces which have not been studied 9 and partially depend on new LECs. The hierarchy of the PVTC potential is sketched in the right panel of Fig. 1. 7 NLO corrections to the OPE potential can be absorbed in redefinitions of the LO and NLO LECs [59, 60] . 8 This number can be understood by noticing that there are five possible S ↔ P couplings. One 3 S1 ↔ 1 P1 transition, one 3 S1 ↔ 3 P1 transition, and three, one for each value of mt, 1 S0 ↔ 3 P0 transitions. The isospin properties of the PVTC four-quark operators are rich enough to induce all five NN operators at the same order.
9 PVTC three-body forces in pionless EFT were studied in Ref. [66] . 
Estimates of the PVTC LECs
Although χEFT allows the determination of the hierarchy and form of the potential, the LECs cannot be obtained from symmetry considerations alone. The PVTC LECs, in particular h π , have been studied with various techniques with varying precision and sophistication. The simplest estimates are obtained from naive-dimensional analysis (NDA) [42, 68] which predicts
. This should be seen as an order-of-magnitude estimate which roughly probes the size of PVTC in nuclear systems. The most applied approach to hadronic PVTC is the one-meson exchange model (or the DDH model, after the authors of Ref. [67] ), in which PVTC is described by the exchange of a single pion, ρ-, or ω-meson. The exchange of a charged pion gives rise to the same potential as Eq. (10), while exchanges of the heavier mesons give rise to different structure with shorter range. The DDH potential then depends on h π and six constants associated with heavier mesons. In Ref. [67] , h π was estimated using the quark model and SU (6) symmetry, finding the reasonable range 0 ≤ h π ≤ 1.2 · 10 −6 and a "best" value of h π 4.6 · 10 −7 . In similar fashion, a range and best value for the other constants were estimated.
The DDH parameters were calculated using a soliton description of the nucleon in Refs. [29, 57] , finding h π 1 · 10 −7 . Similar small values of h π were found in a first lattice QCD 10 calculation [69] and a large-N c analysis [58] . The smaller values of h π 10 −7 seem to be in better agreement with data. The absence of a PVTC signal in γ-ray emission from 18 F leads to a strong bound on h π ≤ 1.3 · 10 −7 [70] [71] [72] . On the other hand, the measurement of the Cs anapole moment [73] prefers a larger value h π 10 −6 [74, 75] , but suffers from larger nuclear uncertainties. This confusing situation can be cleared up by analyzing PVTC signals in few-body experiments where the nuclear theory is better under control.
By use of resonance saturation, the contact LECs C i can by estimated in terms of the DDH parameters [2] . After integrating out the ρ-and ω-meson, the DDH potential (apart from the OPE part) collapses into the five contact interactions in Eq. (13) plus terms suppressed by powers of (p/m ρ,ω ) 2 . The estimates of the DDH parameters can then be used to predict the sizes of C i . As the χEFT potential contains explicit TPE contributions that are absent in the DDH potential, these must be subtracted to get a sensible comparison [76] . By doing so, Ref. [64] obtained the estimates in Table 1 for the LECs C i based on two sets of DDH parameters. The predictions vary by roughly an order of magnitude reflecting the large uncertainty. 
PVTV chiral interactions
We now turn to the χEFT Lagrangians induced by the PVTV sources described in Sect. 2.2.
In the PVTC case, the three four-quark operators in Eq. 1 were all proportional to G F and had roughly equal strengths. We therefore could construct one PVTC χEFT Lagrangian with a clear hierarchy of interactions. Life is not as simple in the PVTV case. As no nonzero flavor-diagonal PVTV measurements have been made, we can only put upper limits on the coupling constants
and Im Ξ and we know nothing about their relative sizes. By focusing on specific BSM scenarios it is possible to calculate the hierarchy of parameters, but in this way we are no longer working in a model-independent fashion. Consequently, we must construct the PVTV χEFT Lagrangian for each source separately. This has been described in detail in Refs. [24] [25] [26] and here we focus on the most important findings. Because we construct the χEFT Lagrangian for each PVTV source, the same chiral interaction can have different chiral indices depending on the PVTV source. To illustrate this we look at the PVTV pion-nucleon interactions. The simultaneous breaking of chiral symmetry, P, and T, allows for three different non-derivative vertices:
in terms of three LECsḡ 0,1,2 . Theθ term in Eq. (3) breaks chiral symmetry as a complex isoscalar quark mass and can only directly induceḡ 0 which then has chiral index ∆ θ (ḡ 0 ) = −1.
To generateḡ 1 , we require an insertion of the quark mass difference, raising the chiral index to ∆ θ (ḡ 1 ) = 1. Even that is not enough to induceḡ 2 which requires another insertion of the quark mass difference or a photon exchange 11 ∆ θ (ḡ 2 ) = 3. On the other hand, the qCEDMs in Eq. (4) break both chiral and isospin symmetry (if |d 0 | |d 3 |) and we obtain: ∆d The same game can be played for other PVTV interactions. It turns out that for all sources, 11 Here we follow Ref. [56] and count αem/(4π) as (p/Λχ) 4 .
the operators with the lowest chiral index are given by 12
in terms of seven LECs [24, 35] . Which of these interactions is actually relevant depends on the underlying source. In Table 2 , the chiral indices for the different sources are summarized. There are a few interesting things to point out:
• For most sources,ḡ 2 appears at higher order thanḡ 0 and/orḡ 1 . The one exception is the qEDM, for whichḡ 0,1,2 are suppressed compared tod 0,1 . Thus, LO calculations of PVTV observables do not require the inclusion ofḡ 2 .
• Similar to the PVTC case, the fact that PVTV pion-nucleon interactions without derivatives exist while PVTV NN interactions require a derivative, ensures the NN potential is dominated by OPE diagrams. The one exception is the gCEDM which conserves chiral symmetry. As a consequence, its contributions toḡ 0,1 require a quark mass insertion, such that OPE diagrams and PVTV NN interactions appear at the same order [77] .
• The interactionsd 0,1 describe short-range contributions to the nucleon EDMs. For sources such asθ and qCEDMs, they carry a chiral index which is larger by two than the corresponding index forḡ 0 . As discussed in the next section, this implies that contributions to the nucleon EDMs proportional toḡ 0 (one-loop diagrams) andd 0,1 (tree level) appear at the same order [78] [79] [80] . For all other sources,d 0,1 dominate the nucleon EDMs [81, 82] .
• For most sources the three-pion vertex∆ appears at higher order thanḡ 0 and/orḡ 1 and its effects will be minor. For the FQLR,∆ is relatively enhanced leading to additional contributions to the NN potential and a PVTV three-body force [24] .
With the interactions in Eq. (15) it is straightforward to obtain the PVTV NN potential [83] :
where f g 1 (q) describes a momentum-dependent correction to the isospin-breaking potential. It arises from a one-loop diagram involving∆ [24] and is given by
Explicit calculations in light nuclei [84] show that the dominant part arises from the q 2 independent part in which case the∆ dependence can be absorbed inḡ 1 →ḡ 1 +∆ fḡ 1 (0), which we do henceforth. In addition, the∆ vertex induces a three-body PVTV potential which can influence EDMs of nuclei with A ≥ 3. Higher-order contributions to the potential, such as TPE diagrams, have been studied in Refs. [83, 85] . They are not as interesting as their PVTC counterparts because theḡ 0 TPE diagrams have the same spin-isospin structure as the LO OPE, whereas the sum ofḡ 1 TPE diagrams vanishes.
Sizes of PVTV LECs and the nucleon EDMs
In order to calculate PVTV observables such as EDMs in terms of the fundamental couplings at the quark level, we must know the sizes of the LECs appearing in Eq. (15) . The chiral indices in Table 2 provide some information about their relative sizes but this is based on NDA and not very precise. Various nonperturbative methods have been applied to calculate the LECs, see Ref. [10] for an overview. Nevertheless, for most PVTV sources very little is known which hampers the interpretation of EDM experiments. We begin with the PVTV pion-nucleon and NN interactions. By far, the most is known for theθ term. As was realized in Ref. [32] , chiral symmetry relates the PVTV LECs to PCTC LECs originating in the quark masses. For instance,ḡ 0 is proportional to δm N , the strong part of the proton-neutron mass splitting. 13 . A similar, but less precise, relation exists betweenḡ 1 and the strong part of the pion mass splitting [25, 84] . With lattice-QCD input for the mass splittings [87, 88] , the following values are obtained [84, 86] :
such that |ḡ 1 /ḡ 0 | ∼ 1/5. Owing to the small value of the proton-neutron mass splitting, this ratio of couplings is somewhat larger than expected from Table 2 which predicts |ḡ 1 /ḡ 0 | ∼ O(m 2 π /Λ 2 χ ) [85] . This discrepancy reflects the uncertainty of the NDA estimates in Table 2 . With similar methods, PVTV couplings between heavier mesons and nucleons can be calculated. For example, the PVTV η-nucleon coupling is proportional to the nucleon sigma term [86] , which is nowadays determined with high precision [89] . Values forC 1,2 can then be estimated using resonance saturation:
Much less is known for the dimension-six operators. In case of the qCEDMs, values ofḡ 0,1 have been obtained with QCD sum rules [90] , but with O(100%) uncertainties. For the other sources no calculations ofḡ 0,1 orC 1,2 exist and at the moment we cannot do better than NDA to estimate their sizes. In some cases, chiral symmetry considerations provide some information about the relative sizes of the couplings. For example, for the FQLR the ratio of couplings is predicted:ḡ 0 /ḡ 1 = δm N /(8c 1 m 2 π ) 0.01 [24] . Next we studyd 0,1 which describe short-range contributions to the nucleon EDMs. These terms are renormalized by loop contributions proportional toḡ 0,1 and the total EDMs of the neutron, d n , and proton, d p , up to NLO are given by [32, 79, 91] 
where e > 0 is the proton charge, dimensional regularization (MS scheme) is applied, and µ denotes the renormalization scale. Which of these terms are relevant depends again on the source, see Table 2 . Using (4πF π ) Λ χ , we see that forθ and qCEDMs, bothd 0,1 andḡ 0 contribute at LO. Inserting Eq. (18) into Eq. (19) and µ = m N , gives
The current experimental constraint on d n [6] then limits |θ| ≤ 10 −10 , assuming no cancellations 13 SU (3) symmetry also relatesḡ0 and mass splittings of octet baryons, but these relations suffer from large SU (3)-breaking corrections [86] .
14 The lengthier SU (3) χPT expressions can be found in Refs. [78, 80, 92] .
betweend 0 −d 1 and the loop piece. A more precise constraint requires nonperturbative information about the short-range terms. For all other sources, the nucleon EDMs are dominated bȳ d 0,1 and chiral symmetry provides little information about their sizes. Lattice QCD can directly determine the LECsd 0,1 in terms of the PVTV quark-gluon operators. In recent years, a lot of effort has gone into determining the nucleon EDMs from theθ term [93, 94] . The simulations take place at nonphysical quark masses and in a finite volume and χPT expressions are needed to extrapolate to the physical point and infinite volume [95, 96] . Based on unpublished lattice data from Shintani et al, Ref. [96, 97] extracted the following values
Ref.
[98] performed a lattice-QCD calculation of d n by analytically continuingθ into the complex plane. In this way, the Euclidean action becomes real and standard stochastic methods can be applied. The following value was found
Finally, Ref.
[99] performed a quenched calculation of d n and d p based on the gradient flow for gauge fields [100] , finding results consistent with Eqs. (20) and (21) .ḡ 0 was extracted from the calculated electric dipole radius by a comparison to χPT predictions [80, 91] , finding a value a few times larger than Eq. (18) . Considering the limitations of the calculation (quenched and 800 MeV pion mass), not much can be said about this discrepancy. The other well-studied operator is the qEDM. As can be glimpsed from Table 2 , the only relevant LECs ared 0,1 as all other interactions are suppressed by α em /4π. The nucleon EDMs can be related to the nucleon tensor charges and a recent lattice QCD calculation [101] found
Much less is known for the remaining dimension-six sources. For the qCEDMs, the nucleon EDMs have been calculated with QCD sum rules with 50% accuracy [102, 103] , while for the gCEDM and four-quark operators only estimates at the order-of-magnitude level exist [42, 81, 82, 104] . Improvements on the hadronic matrix elements could have significant impact on falsifying or identifying specific BSM scenarios from EDM measurements, see Refs. [11, 41, 105] for discussions.
Discrete symmetry breaking in few-body systems
Having discussed the discrete-symmetry-breaking NN potentials, we now turn to observables in few-body systems. We mainly focus on systems with two nucleons as these capture the essential ideas and avoid the technical difficulties associated with larger systems. The starting point of the calculations is the PCTC NN strong interaction from which nuclear wave functions are calculated. In most of the literature on discrete symmetry breaking, phenomenological highquality potentials such as Argonne Av 18 [106] or NijmegenII [107] are used which accurately describe the NN experimental data-base. The obtained wave-functions are then combined with PVTC/PVTV OBE models (such as the DDH model) or with the χEFT potentials. The latter method is usually called the hybrid approach.
Calculations where also the wave functions are obtained from χEFT have been performed in various frameworks. At very low energies, the pion can be integrated out. In the resulting pionless EFT [19] , all interactions are described by NN contact vertices which allows for much simpler calculations. The absence of pions implies that the EFT only converges in the low-energy region E ∼ M 2 π /(2m N ) 10 MeV. By integrating out the pion, the hierarchy of forces due to the chiral-symmetry properties of the PVTC and PVTV quark-gluon operators is obscured. The pionless approach has been applied to several PVTC observables [65, 66, [108] [109] [110] and is reviewed in Ref. [3] .
Another EFT approach is based on the KSW (after the authors of Ref. [111] ) power counting. Within this framework, the LO PCTC NN contact interactions are resummed to obtain scattering lengths and bound-state properties. Pions are treated in perturbation theory which has the advantage that analytic calculations become possible and renormalization is explicit. Several PVTC and PVTV observables in the two-body sector have been calculated in this way [77, 112, 113] . Unfortunately, higher-order calculations [114] show that the KSW expansion already fails to converge at fairly low momenta q ∼ m π such that observables associated with larger momentum transfer or denser nuclei cannot be treated in this fashion.
Here we mostly discuss the approach, which we will call χEFT, where pions are treated explicitly and nonperturbatively and both PCTC and symmetry-breaking potentials are obtained from χEFT. Typically numerical differences between hybrid and χEFT calculations are small if observables are mainly determined by long-range physics (i.e. pions). Although the PCTC χEFT potential can be calculated in perturbation theory, the potential itself must be iterated to all orders to calculate NN scattering lengths, phase shifts, and bound state properties. Technically, the task is to solve the non-relativistic Lippmann-Schwinger (LS) equation
written here in short-hand notation. T denotes the scattering matrix, G 0 the non-relativistic propagator of the free nucleon pair, and V the PCTC strong potential. Once T is obtained numerically, the effects of the PVTC and PVTV potentials can be calculated in perturbation theory. In practice, it can be easier to solve Eq. (23) directly with V the sum of the strong and symmetry-breaking potentials. Because the latter are proportional to very small parameters, their iteration leads to numerically identical results as first-order perturbation theory. Details on the solution of the LS equation in the presence of P violation can be found in Refs. [115, 116] . The main consequence of the PVTC and PVTV potentials is that transitions between states with even and odd orbital angular momentum become possible. For instance, the PVTC OPE potential in Eq. (10) leads to 3 S 1 ↔ 3 P 1 transitions normally forbidden by P conservation. In general, the momentum integral in the LS equation is divergent and needs to be regulated. Different choices are of course possible and most results below are based on Ref. [56] which regularized the LS equation by multiplying the total potential by the function 15
where n = 3 and Λ is a momentum cut-off. Recently, a regularization scheme in coordinate space has been developed which better preserves the long-range part of the pion-exchange terms [118] . This scheme has not been applied yet to PVTC or PVTV calculations. Much has been written about the size of the momentum cut-off, Λ, [119, 120] , which we cannot discuss in detail here. Although Λ can in principle be any high-energy scale, for practical purposes it is optimal to pick Λ of similar size as Λ χ [56, 117] . The χEFT calculations discussed below all varied Λ between 450 and 600 MeV to get an estimate of (part of the) theoretical uncertainties.
Few-body PVTC processes
We now turn to the calculations of PVTC observables. For an overview of PVTC experiments we refer to Ref. [2] . We focus on the observables in the two-body system 16 for which nonzero signals have been measured. Afterwards, we briefly discuss more complicated systems.
Proton-proton scattering
The first observable we discuss is the pp longitudinal analyzing power (LAP) which vanishes if P is conserved. It is defined as the difference in cross section of scattering between an unpolarized target and a beam of positive and negative helicity, normalized to the sum of cross sections.
The existing experiments measured the LAP over a certain angular range (from θ 1 to θ 2 ) and report the integrated asymmetry:
A L has been measured for beam energies of 13.6 MeV [123] , 45 MeV [124] , and 221 MeV [125] . The experiments at 13.6 and 45 MeV are scattering experiments which measured the pp LAP over an angular range of, respectively, 20
The experiment at 221 MeV is a transmission experiment and effectively measures the LAP over the whole angular range modulo a small opening angle [126] A L (221 MeV) = (0.84 ± 0.34) · 10 −7 .
Traditionally, it was taken that the pp LAP does not depend on the weak pion-nucleon coupling h π [115, 126] as the OPE potential does not contribute to pp scattering. In χEFT, the first non-vanishing contributions appear at NLO and consist of TPE contributions and shortrange NN interactions. The former depend on h π and the latter on the combination of LECs
The calculation ofĀ L in terms of h π and C is complicated by the Coulomb interaction. This problem has been carefully studied in Refs. [115, 116] . The low-energy scattering experiments do not measure over small angles and the Coulomb interactions plays a minor role. The transmission experiment is more affected. The energy of 221 MeV was chosen because the contribution from j = 0 transitions are proportional to the sum of the strong phase shifts δ1 S 0 +δ3 P 0 which vanishes around 220 MeV [126, 127] . ThereforeĀ L (221 MeV) is sensitive to higher partial waves (mostly 3 P 2 ↔ 1 D 2 transitions that are proportional to h π ) and is complementary to the low-energy experiments. However, the Coulomb interactions shift the vanishing of the j = 0 phase shifts to a somewhat larger energy [116] . Combined with the larger uncertainty of the χEFT potentials at higher energies, the data at 221 MeV unfortunately does not pin down a precise value for h π .
The LECs were fitted 17 in Refs. [116] and [60] using, respectively, N 3 LO strong potentials from Refs. [56] and [117] . Ref. [116] found the strongly correlated (see Fig. 2 ) values
in excellent agreement with Ref. [60] . The uncertainty is almost completely determined by the lack of data and the experimental uncertainties, while uncertainties due to cut-off variations are much smaller. An additional experiment around 125 MeV would be very beneficial in reducing the uncertainties of the fit [116] . Ref. [64] investigated the contributions toĀ z from the N 2 LO PVTC potential. As discussed in Sec. 3.2, unless h π is very small, the dominant part of the N 2 LO potential is expected to be proportional to c 4 h π . Including this correction, the fit slightly improves h π = (0.8 ± 1.5) · 10 −6 and C = (−5.5 ± 7) · 10 −6 , but does not strongly affect the values of the LECs indicating that the χEFT expansion is converging satisfactorily. The other parts of the N 2 LO potential depend on additional PVTC LECs and more data is needed before they can be fitted.
Neutron capture on the proton
We now discuss the LAP, a γ , for the process 18 np → dγ which is defined as
with dσ ± (θ) the differential cross section for neutrons with positive/negative helicity and θ the angle between the photon momentum and the neutron spin. For a long time only upper bounds existed for a γ [129, 130] , but recently a preliminary result was reported [131] a γ = (−7.14 ± 4.4) · 10
only two standard deviations away from zero. The result is based on a subset of the data taken by the NPDGamma collaboration. A full result with uncertainty ∼ 10 −8 is expected soon. The great interest in measuring a γ is that, in contrast toĀ z , it does depend on the LO PVTC potential and is therefore more sensitive to h π . It has been studied in detail in the DDH framework [132] , hybrid calculations [133, 134] , pionless EFT [108] , KSW-counting [111] , and recently χEFT [135] . A new aspect of a γ is that it depends on PCTC and PVTC electromagnetic currents, which can be calculated along the same lines as the NN potentials. The experiment takes place at thermal energies where the capture cross section is dominated by the nucleon isovector magnetic moment, while NLO two-body currents contribute at the 5% level. In combination, with the N 3 LO χEFT potential 19 [56] , these currents predict a capture cross section 319 ± 5 mb [135] , compared to the experimental 334.2 ± 0.5 mb [136] . The remaining 4% discrepancy should be due to higher-order effects such as TPE currents [137] . These have not been included in the analysis as the corresponding PVTC TPE currents have not been calculated.
Apart from the above ingredients, the LO calculation of a γ requires the nucleon convection current (from gauging the nucleon kinetic energy) and PVTC OPE currents proportional to ). The black ellipses correspond to fits to the combined pp and np data with total χ 2 = {2, 3, 4}. The red (dashed) ellipses are the same, but using the expected future experimental uncertainty (at 10 −8 level) for the np → dγ measurement, while keeping the central value of Eq. (30). The shaded regions shows the constraints on h π from 18 F data and a lattice-QCD calculation of h π . h π . a γ then arises from an interference between the isovector magnetic moment and: 1) the convection current and the LO PVTC potential, 2) the PCTC OPE currents and the LO PVTC potential, 3) the PVTC OPE currents. The individual contributions only have a minor dependence on the cut-off used to regulate the LS equation, but the sum suffers from a relatively larger dependence due to cancellations [133, 135] . Ref. [135] found
The central value agrees with DDH and hybrid results [132, 134] that applied the Siegert theorem to relate the electric dipole currents to the one-body charge destiny. The observed cutoff dependence is likely to be reduced by the inclusion of higher-order corrections to the PCTC and PVTC exchange currents 20 . Although these can be partially taken into account by the Siegert theorem, this approach most likely overestimates the accuracy of the calculation as not all exchange currents are taken into account. The analysis ofĀ L and a γ can now be combined to extract more precise values of h π and C. Contours of total χ 2 = 2, 3, 4 (χ min 0.7) in the h π − C plane are plotted 21 in Fig. 2 . Varying the cut-offs and considering the whole allowed range, Ref. [135] conservatively extracted
The fits indicate that small values of h π ∼ 10 −7 are still consistent with the data, but that larges values of h π ∼ (5 − 10) · 10 −7 are preferred. Such values are in conflict with the bound on 18 F gamma-ray emission, h π ≤ 1.3 · 10 −7 , and lattice and model calculations of h π 10 −7 . The upcoming increase in sensitivity of the a γ measurement will tell whether small values of h π are consistent with few-body experiments as can be seen from the red (dotted) ellipses.
Additional PVTC observables
A fairly large set of few-body PVTC observables could provide additional input on nuclear PVTC [3] . Examples in two-and three-body cases are the spin rotation in np or nd and the LAPs of nd scattering and nd → 3 Hγ, which have been discussed in DDH [128, 138] , pionless EFT [109] , hybrid calculations [134] , and, recently in χEFT [60] . The χEFT analysis 22 [60] of the spin rotation angles gives
in units of rad/m. Another interesting observable is the LAP of the reaction n + 3 He → p + 3 H:
These results [60] are based on the PCTC potential of Ref. [117] supplemented by N 2 LO threebody forces [139] . The h π dependence is dominated by the OPE potential, with TPE contributions entering at the 10% − 30% level as expected from power counting. The spin rotation angles have not been measured yet, but experiments are being considered. The LAP A L is planned to be measured with sensitivity ∼ 1.6 · 10 −8 [140] .
Finally, we mention the LAP in pα scattering for which a nonzero value has been measured A L (46 MeV) = −(3.3 ± 0.9) · 10 −7 [141] . No χEFT calculation exists for this process, which is unfortunate as the measurement could have important implications for the extraction of the PVTC LECs. Ref. [142] found A L = −0.34h π + . . . , based on an optical model and the dots denote contributions from other DDH parameters. The difficulty in the χEFT calculation lies in the five-body problem and the presence of Coulomb interactions. The great progress in ab initio few-body calculations in recent years, see for instance the calculation of αα scattering with nuclear lattice EFT [143] , might make it possible to analyze the pα LAP with similar methods. The same applies for the nα spin rotation [144] .
PVTV effects in few-nucleon systems.
The main motivation for the study of PVTV in few-nucleon systems are the plans to measure EDMs of light nuclei in storage rings. Traditional EDM experiments essentially consist in looking for a change in the spin precession of the system in the presence of electromagnetic fields. A charged particle at rest in an electric field would quickly escape the experimental apparatus. This is not true for charged particles confined in a storage ring and it was realized that EDMs of charged particles could be measured in such a setup [145] . The JEDI collaboration [146, 147] 22 Ref. [60] uses a different parametrization of the PVTC NN LECs. The results in Eqs. (33) and (34) denotes the LECs appearing in Ref. [60] .
plans to measure EDMs of light ions 23 such as the proton, deuteron, and helion ( 3 He nucleus) in a dedicated storage ring with an accuracy exceeding current neutron EDM experiments.
The advantage of going to systems with more than one nucleon, is that their EDMs become sensitive to the PVTV potential in Eq. (16) . The nucleon EDMs depend on the PVTV pionnucleon LECs only via loop diagrams associated with the typical m 2 π /(4πF π ) 2 suppression factor. The EDMs of nuclei, however, depend already at tree level on the PVTV pion-nucleon LECs such that the EDMs of the bound states can be considerably larger than the constituent nucleon EDMs [77, 148, 149] . As discussed below, this argument only holds for some of the PVTV sources at the quark-gluon level such that combined measurements of EDMs of nucleons and light nuclei would point towards the underlying PVTV source [35, 77] . The second advantage of light ions is that their EDMs can be calculated to high precision. Calculations of heavier systems such as 199 Hg and 225 Ra rely on nuclear models and suffer from larger uncertainties. These interesting observables are outside the reach of current χEFT methods and we refer to Ref. [10] for a detailed discussion.
PVTV effects in processes such as np [150] and nd [151] scattering can be studied along analogous lines. However, these effects are most likely too small to be measurable. For instance, Ref. [150] concluded that with state-of-the art experimental accuracies, measuring the PVTV np spin rotation would fall short of the current neutron EDM sensitivities by roughly three orders of magnitude.
The EDM of the deuteron and helion
The prospect of measuring EDMs of light nuclei in storage rings, has led to a number of investigations of the deuteron EDM [35, 77, 85, 152, 153] . From the theory point of view, the deuteron is interesting because its spin-isospin properties ensure that its EDM has rather distinctive properties. Most calculations are based on the three PVTV pion-nucleon LECs in Eq. (14) and phenomenological models of the PCTC NN potential. A calculations in χEFT using N 2 LO PCTC potentials obtained [84] 
in good agreement with model and hybrid calculations [35, 153] and a calculation based on KSW counting [77] . The independence onḡ 0 andC 1,2 can be understood from the fact that the deuteron is mostly in a 3 S 1 state. After an insertion of the terms in Eq. (16) proportional toḡ 0 orC 1,2 , the wave function obtains a small 1 P 1 component. The dominant current arises from a coupling to the proton charge and is spin-independent. It therefore cannot return the wave function to its 3 S 1 ground state and the contributions vanish. A recent calculation of the 6 Li EDM based on a cluster model found a similar effect and a twice larger dependence onḡ 1 [154] . Refs. [35, 85] investigated higher-order contributions to d D proportional toḡ 0 from isospin breaking and higher-order currents, but these were found to be negligible. The EDMs of 3 He and 3 H have been calculated in Refs. [35, 84, 155, 156] . Ref. [84] used the same χEFT potentials as used for d D (supplemented by chiral three-body forces) and found 24 : 
Apart from a smaller contribution from d p and a tiny dependence on∆ via the PVTV three-body force 25 , the most important difference with respect to d D is that there is no isospin selection such thatḡ 0 andC 1,2 contribute. It is this observation that makes a d3 He measurement complementary to that of d D . The dependence onC 1,2 in Eq. (36) is larger than found in Ref. [35] , possibly due to the pronounced short-range repulsion of the Av 18 potential used in that work. The uncertainties given in Eqs. (35) and (36) are associated to the nuclear theory and are significantly smaller than uncertainties associated to the hadronic theory, i.e., the sizes of the LECs in terms of the PVTV quark-gluon operators. This is a big advantage over heavier systems where the nuclear uncertainty can be the limiting factor. The size of d D and d3 He with respect to d n and d p depends on the PVTV source. Because the nucleon EDMs induced by theθ term are mostly isovector, see Eq. (20) , the sum of 0.94(d n + d p ) = −(0.6 ± 1.6) · 10 −16θ e cm appearing in d D is uncertain. The two-body contribution is of comparable size and could potentially cancel against the one-body terms. We therefore focus on the two-body contributions and by inserting the values of the LECs in Sect. 3.3.1, we obtain [84] 
which provides a clean way to extractθ from measurements of The story is similar for the FQLR but nowḡ 0 is suppressed. In this case, the constituent nucleon EDMs are expected to enter at the 10% level such that the ratio d3 He /d D 0.8 can be predicted. Such a signal would be a tell-tale sign of existence of the FQLR which is induced in left-right symmetric extensions of the SM (see Ref. [157] and references therein).
In case of the qEDM, the situation is simple and the light-nuclear EDMs are dominated by the nucleon EDMs. That is,
Finally, in case of the gCEDM the situation is most complicated. Power counting indicates that all contributions to d D and d3 He appear at the same order (apart from∆). Explicit calculations find a somewhat smaller dependence onḡ 0,1 andC 1,2 then expected [35, 84] , but nevertheless it is hard to make predictions. For instance, even the relative sign of d n and d p is unknown which strongly impacts the interpretation of d D . Lattice input is direly needed.
The above discussion shows that measurements of EDMs of light nuclei could isolate the underlying PVTV source. A different question is whether this information can be used to learn something about the possible SM extension at high energies. In Ref. [11] , various popular scenarios of BSM physics, such as two-Higgs-doublet, left-right symmetric, and supersymmetric models were investigated in the context of EDMs. It was argued that measurements of the EDMs of a few systems could not only distinguish such models from a SMθ term, but also partially separate the models based on the EDM hierarchy they induce. The analysis could be significantly improved with lattice calculations of the PVTV LECs.
Final remarks
We have reviewed the breaking of discrete space-time symmetries in strongly-interacting systems. We have focused on flavor-diagonal PVTC and PVTV interactions which have very different origin and experimental signatures. The SM weak interaction induces flavor-diagonal PVTC four-quark interactions whose structure are well understood. Flavor-diagonal PVTV interactions appear only in the SM in the form of the QCDθ term which is strongly constrained by neutron EDM measurements. This smallness leaves room for PVTV effects from BSM physics which at low energies can be parametrized by various interactions of dimension six. Although in both cases the form of the discrete-symmetry-breaking operators at the quark-gluon level is clear, their manifestation at low energies is obscured by nonperturbative QCD.
To overcome the problem of low-energy QCD, we have focused on the application of χEFT which allows for the systematic derivation of interaction among the relevant low-energy degrees of freedom: pions, nucleons, and photons. The universality of this approach is reflected by the fact that both PVTC and PVTV chiral Lagrangians and NN potentials can be constructed by essentially equivalent methods. The symmetry-breaking potentials can nowadays be combined with PCTC χEFT potentials to consistently calculate PVTC and PVTV observables in fewnucleon systems.
In the PVTC case, the LO potential consists of a single interaction proportional to the weak pion-nucleon coupling, h π , whose size has been an outstanding issue for a long time. The existing data on PVTC in pp scattering and np → dγ allow for an extraction h π = (1.1 ± 1.0) · 10 −6 . This is unfortunately not precise enough to rule out or identify the small values of h π ≤ 10 −7 that are calculated in lattice QCD and preferred by experiments on 18 F. The upcoming data on np → dγ will hopefully resolve this issue. In any case, additional measurements combined with consistent calculations are needed to confirm the size of h π and fix the values of the LECs appearing in the PVTC potential. The goal is to finally get a consistent picture of PVTC nuclear forces.
In the PVTV case, the hierarchy of the NN potential crucially depends on the underlying PVTV source. For sources that break chiral symmetry, such as theθ term or BSM sources like quark chromo-EDMs and the FQLR, the potential is dominated by OPE similar to the PVTC case. The sources can be differentiated by the relative sizes of the PVTV pion-nucleon LECs. The three chiral-breaking sources predict, respectively, |ḡ 0 /ḡ 1 | 5, |ḡ 0 /ḡ 1 | 1, |ḡ 0 /ḡ 1 | 0.01. We have discussed how measurements of the EDMs of light nuclei can be used to probe these ratios and disentangle the sources. For other sources, such as the gCEDM, the PVTV potential also depends at LO on short-range NN interactions which makes the analysis more complicated. Considering the expected reach of future EDM experiments these results can play an important role in constraining or finding BSM physics.
An outstanding problem are calculations of the symmetry-breaking LECs using nonperturbative methods such as lattice QCD. Both in the PVTC and PVTV sector, very little is known about the sizes of the LECs which hampers the interpretation of the experimental data. We have discussed recent progress in calculations of the nucleon EDM arising from theθ term and quark EDMs, but stress that similar calculations for the other PVTV sources would be very important. The same can be said for calculations of the PVTC and PVTV pion-nucleon LECs.
In this work we have focused on few-nucleon systems where the scattering equations can be solved with high precision. Many experiments have been performed on heavier systems in which PVTC and PVTV effects can be significantly enhanced, see discussions in Refs. [2, 10, 158] . The great challenge for the future is to extend the χEFT framework discussed here beyond the few-body regime. Great progress has been made in the last couple of years in performing ab initio calculations of medium-heavy nuclei based on chiral PCTC NN interactions [159, 160] . It would be extremely interesting to extend these calculations to include symmetry violations. As discussed above, an interesting intermediate step would be the ab initio calculation of the PVTC pα analyzing power for which a nonzero measurement has been reported.
